This paper examines how the individual variations of chair type, row spacing, as well as the presence of occupants and carpet, combine to influence the absorption characteristics of theater chairs as a function of sample perimeter-to-area (P/A) ratios. Scale models were used to measure the interactive effects of the four test variables on the chair absorption characteristics, avoiding the practical difficulties of full scale measurements. All of the test variables led to effects that could lead to important changes to auditorium acoustics conditions. At mid and higher frequencies, the various effects can usually be explained as due to, more or less, porous absorbing material. In the 125 and 250 Hz octave bands, the major changes were attributed to resonant absorbing mechanisms. The results indicate that for accurate predictions of the effective absorption of the chairs in an auditorium, one should use the P/A method and reverberation chamber tests of the chair absorption coefficients to predict the absorption coefficients of each block of chairs and use these results as input in a room acoustics computer model of the auditorium. The application of these results to auditorium acoustics design is described, more approximate approaches are considered, and relations to existing methods are discussed.
I. INTRODUCTION
It has been shown that by measuring the sound absorption coefficients of sample blocks of chairs with a wide range of perimeter-to-area (P/A) ratios, one can more accurately predict the expected absorption coefficients of the larger blocks of chairs (having smaller P/A ratios) as typically found in auditoriums. 1, 2 This is referred to as the P/A method. It involves fitting linear regression lines, to relate the measured absorption coefficients of samples of chairs to the P/A values of the samples, of the form
Here a is the absorption coefficient of the sample with a particular P/A ratio. b is the slope of the regression line and a 1 is the intercept of the regression line, which corresponds to the absorption coefficient of an infinitely large sample of chairs. Because the regression coefficients are derived from the measurements of typically five samples of chairs, they are expected to more accurately characterize a particular type of chair than would one sound absorption test of a single sample of chairs, and, of course, the results include the effects of P/A on absorption coefficients. The P/A method has been shown to successfully predict the absorption coefficients of chairs measured in an auditorium both in full scale [1] [2] [3] and in model studies. 4, 5 A few studies have measured the sound absorption of occupied theater chairs 2, 6 or occupied pews 7 in a reverberation chamber and used the P/A method to accurately predict the effects of an audience on the total absorption of a space. However, the effective absorption coefficients of the chairs in a large auditorium vary with the details of the particular chairs and their individual components, such as occupants and row spacing. 6 Previous work has not included the interactive effects of some important parameters, such as presence of carpet and occupants, as well as row spacing and the type of chairs, on the chair absorption characteristics due to the difficulties of full scale measurements of these effects. It was not known how the individual variations of the type of chairs, row spacing, people, and carpet absorption combine and vary with sample P/A. Previous scale model studies 5, 6 demonstrated the value of using acoustical scale models and confirmed the accuracy of the P/A method for predicting the expected sound absorption of chairs in a model recital hall. Hence, scale model tests are very useful and can be used to better understand the interactive effects of some important test variables on the sound absorption of theater chairs, but model chairs must be used that accurately model the sound absorption characteristics of full scale chairs.
The present study investigated how the individual variations of type of chairs, row spacing, presence of people, and carpet combine to affect absorption characteristics and how they vary with sample P/A. The combined effects of all four test variables on the chair absorption characteristics in auditoriums were experimentally investigated. One-tenth scale model chairs and listeners were developed to be representative of common types of full scale theater chairs and listeners, 8 using absorption tests in a scale model reverberation chamber. First, the four main test variables were introduced to determine the relative magnitudes of the effects of each variable on the regression parameters. Second, the influences of the four test variables on the predicted chair absorption coefficients for larger sample blocks of chairs in auditoriums were investigated using Eq. (1) and were compared to those results of smaller samples as obtained in reverberation chamber tests. Next, the details of how the predicted chair absorption characteristics varied with frequency are examined and the more important test variables are determined. Finally, the application of the present results to the acoustical design of a hall is discussed.
II. MEASUREMENT PROCEDURES A. Model theater chairs, carpet, and listener construction
Two types of model theater chairs were developed 8 that were representative of the absorption characteristics of full scale low and high absorption theater chairs. The previously reported results for full scale type G chairs 6 were used as design goals for the high absorption model chairs. The type G chairs were typical of many highly absorptive chairs with thicker absorbing material, and included thick absorbing pads on the chair backs. The model chairs having a width of 0.6 m (full scale) were constructed as connected seats with arm rests and underpasses. The height of the gap under the chairs (underpass) was 280 mm (full scale) and the height of the seat backs was 0.6 m (full scale). A 1.0 mm single layer of felt combined with a 3.0 mm single layer of bubble wrap was added to the seat back, rear of back, sides, and undersides, of the model chairs and these chairs are referred to as high absorption model chairs. Low absorption model chairs had the same dimensions and construction details as the high absorption model chairs, but the absorption characteristics were different with combined bubble wrap and felt materials on the seat and back of the model chairs. Figure 1 shows a photo of low and high absorption model chairs.
The measured absorption coefficients of the unoccupied high and low absorption model chairs are compared with those for the unoccupied full scale type G chairs in Fig. 2 . The sound absorption coefficients of blocks of theater chairs vary with sample P/A ratio and the sample blocks of model chairs should have similar absorption coefficients for the same P/A ratios as the full scale blocks of chairs used as design goals. The sample block of three rows of six chairs (R3C6) of unoccupied low and high absorption model chairs had a P/A ratio of 1.40 m
À1
that is very similar to P/A of 1.37 m À1 for the blocks of three rows of six chairs (R3C6) for the unoccupied full scale type G chairs. The difference between the absorption coefficients at mid and high frequencies for unoccupied low and high absorption model chairs was 0.6 as illustrated in Fig. 2 .
Model carpet was developed to have absorption characteristics similar to those of full scale thick carpet. Model carpet was constructed using a 1.0 mm single layer of felt combined with a 0.5 mm thick paper having an embossed pineapple pattern on it. Figure 3 plots the measured absorption coefficients versus frequency for a sample of full scale thick carpet having a P/A ratio of 1.71 m
, and model carpet having a P/A ratio of 1.71 m
. Measurements of both full scale and model carpet absorption show absorption coefficients that increase with frequency and have significant absorption at higher frequencies. The absorption coefficients increase from approximately 0 at 125 Hz to values of 0.7 at 4000 Hz for both full scale and model carpets.
One-tenth scale model auditors were constructed using 10 mm thick expanded PVC (poly vinyl chloride) pieces and were scaled to be representative of average Koreans. The selection of materials for constructing model listeners with similar absorbing properties to the human body was carefully considered after consideration of earlier studies on the measurements of the absorption coefficients of the human body and hair. 9, 10 Previous work found that there can be considerable variation in the absorption coefficients due to different types of dress worn by audiences. 7, 11 Full scale audiences typically have worn light to medium weight clothes, such as short sleeved shirts or suits, during the measurements in the reverberation chamber tests and hence the materials added to the model listeners were selected to approximate the absorption characteristics of dress types worn by full scale audiences. Prior to adding absorbing materials to the model listeners, the best form of model listener was determined by testing 8 types of model listeners with various forms and dimensions. The best form of model listener was selected and tested with varied added absorbing material to develop a model listener with absorption characteristics most similar to those found for the full scale occupied theater chairs. More details of the model listeners are included in Ref. 8 . A 0.5 mm thick paper having an embossed pineapple pattern on it was added to the torso and upper legs (the portion of the legs above the knees) and 1.0 mm thick felt was added to the 133 mm (full scale) head of model listeners to simulate the sound absorption by human hair. Figure 4 plots the measured absorption coefficients of a sample block of R3C6 of the occupied low and high absorption model chairs. The absorption coefficients of the best model listeners seated on the high absorption model chairs showed good agreement with the absorption coefficients of the occupied full scale type G chairs. The difference between the absorption coefficients, averaged over frequency for model chairs, occupied with the most successful model listeners, and the corresponding measurements for the full scale occupied type G chairs, was no more than 0.1.
B. Model reverberation chamber measurements
The volume of the 1/10 scale model reverberation chamber was 300 m 3 (full scale) and it was built using 20 mm thick acrylic panels. In the measurements, a 1.37-s exponential sine sweep from 1 to 100 kHz was used, which corresponds to full scale frequencies from 100 Hz to 10 kHz. To eliminate the unwanted effects of air absorption, the model chamber was filled with nitrogen during each test. The reverberation chamber was kept at a constant temperature of 22 C and a relative humidity of 4%. Six combinations of two source positions and three receiver positions were selected for measuring the absorption coefficients of the unoccupied chairs. Twenty decibels of each decay, from À5 to À25 dB, was used to calculate reverberation times according to the procedures described in ISO 354. 12 Prior to the measurements, the diffusivity of the sound field in the reverberation room was examined according to ISO 354. There was no evidence of non-linear decays over this range when the absorption of the chairs was measured. The measurements were made in 1/3-octave bands, but the absorption coefficients were presented as octave-band values derived by averaging the three individual 1/3-octave sound absorption coefficients in each octave band. A repeatability test of the measurements for the absorption coefficients of the chairs was carried out to check whether the results were consistent for each measurement. The measurements were repeated three times, and the results were presented as the mean absorption coefficients.
Groups of up to 18 model chairs were arranged in various-sized rectangular samples having a wide range of P/A values with varied row spacing. The various samples had a range of P/A values between 1.43 and 2.54 m À1 for the chairs with a row-to-row spacing of 0.76 m, between 1.29 and 2.40 m À1 for the chairs with a row-to-row spacing of 0.91 m, and between 1.11 and 2.22 m À1 for the chairs with a row-to-row spacing of 1.2 m (full scale). The measurements were carried out with the chair edges exposed and the absorption coefficients were calculated using floor areas that included the row-to-row space in front of the first row of each block of model chairs. 5 The full scale measurements were performed in the 254 m 3 reverberation chamber, at the National Research Council in Ottawa, having fixed diffuser panels as well as a large rotating vane. More details of full scale reverberation chamber tests are included in Refs. 5 and 6.
III. RESULTS AND DISCUSSIONS

A. Effects of four main test variables on frequencyaveraged regression parameters
The four main test variables were the row spacing, the type of chairs as well as the presence of carpet and people. Two newly developed types of model chairs which were representative of full scale low and high absorption theater chairs 8 were used. The row-to-row spacings between each row of chairs used were 0.76, 0.91, and 1.2 m. The absorption coefficients of the model theater chairs were measured with and without the presence of people in the chairs, as well as with and without carpet under them as summarized in Table I . There were two types of chairs (low and high absorption) with measurements repeated for three different row spacings. These were all repeated with/without carpet Linear regression lines were fitted to plots of octaveband absorption coefficients versus P/A values for various blocks of chairs measured in the model reverberation chamber. These analyses were performed using the Origin plotting and analysis software 13 to perform standard least squares linear regression fits to the data. The resulting regression coefficients were often not statistically significant for the 125 Hz octave-band results, indicating there was frequently no evidence of a systematic variation of absorption coefficients with P/A values in the 125 Hz octave-band results. To provide an initial overview of the general trends, the average slopes and intercepts were calculated by averaging results over frequency for the octave-band results from 500 to 2000 Hz where the variations with P/A are generally quite similar in each octave band. The frequency-averaged absorption coefficients were calculated separately for low and high absorption model chairs. In addition, results were obtained for both types of chairs, with and without occupants, as well as with and without carpet. These frequency-averaged results provide an understanding of the more general trends of how the test variables affected the variations in the absorbing properties of the chairs with varied sample size (P/A ratio).
In this section the resulting values of the slopes and intercepts of regressions versus P/A values are examined for frequency-averaged results. In Sec. III B, the effects on frequency-averaged absorption coefficients are considered. The more specific details at other frequencies are later considered in Sec. III C. Figure 5 shows plots of the values of the slopes and intercepts of the linear regressions to the frequency-averaged absorption coefficients versus P/A values. The slopes and intercept values are plotted versus row spacing for combinations of occupied and unoccupied chairs, with and without carpet, for both high and low absorption chairs. Each data point is derived from the measurements of five different sized samples of chairs. By basing the results on the average trends of five different samples of chairs with varied P/A values, the results should more accurately characterize the absorption characteristics for each combination of variables.
All octave-band regression results for both low and high absorption model chairs and all other variations of the test variables are included in Tables II and III for intercept values to decrease with increasing row spacing. This is mostly due to the increasing sample areas as the row spacing is increased. 6 In most cases, the low absorption chairs with carpet have higher intercept values than those without carpet under them and these values are largest for the lowest row spacing. For the low absorption chairs with or without carpet, for most cases, adding people tends to lead to a further increase in the intercept values. The slopes of the low absorption chair data tend to decrease with increasing row spacing indicating smaller variations of absorption coefficients with P/ A values for cases with larger row spacing. This is also true for the slopes of the high absorption chair data. For both low and high absorption chairs the slope values tend to be larger for the chairs with carpet under them. That is, for chairs with carpet under them absorption coefficients will vary more with sample size and there will be larger differences between laboratory test results and the effective absorption coefficients in halls when carpet is included under the chairs. On the other hand, the intercept values for the high absorption values vary less among the various test conditions than did the low absorption chair intercept values. This is simply because for the high absorption chairs, the added absorption of the carpet or the people is a relatively smaller change compared to the same changes to the low absorption chairs.
These results show that although the P/A effect can be used to predict the absorption coefficients of larger blocks of chairs, the predicted results will also vary with the values of all of the test variables. For example, the high absorption chairs with carpet under them and when occupied will have absorption coefficients that vary more with P/A value than the other combinations of test variables. That is, their absorption coefficients will vary more between reverberant chamber test samples and large blocks in performance halls.
B. Effects of four main test variables on frequencyaveraged chair absorption coefficients predicted for larger blocks of chairs in auditoriums
This section first shows how the four test variables affected the frequency-averaged chair absorption coefficients predicted for a small sample block of chairs as typically used in reverberant test chamber measurements and compares these effects to those for a larger sample size representative of those found in a large auditorium. This is possible because the P/A method allows one to predict the effects of sample size (in terms of P/A value) on the absorption coefficients of blocks of chairs. The small sample results were for a P/A ¼ 1.5 m À1 and are included in Fig. 6 . The large sample results for P/ A ¼ 0.5 m À1 are plotted in Fig. 7 . The differences between the results in these two figures illustrate the expected differences between the effects of the four test variables in reverberation chamber tests with the expected effects of the same four variables on the larger blocks of chairs in a large hall. Figure 6 plots the frequency-averaged absorption coefficients (500-2000 Hz) for a smaller sample typical of tests in a reverberation chamber (P/A ¼ 1.5 m À1 ) for both low and high absorption model chairs, with and without people, as well as with and without carpet. The differences among the four results, plotted versus row spacing, are smaller for the high absorption chair results than for the low absorption chair results. For the low absorption chairs the additions of carpet or people created distinct increases in average absorption coefficients that increased systematically with decreasing row spacing. Adding carpet led to larger increases in average absorption coefficients (up to 0.34 increase) than adding people (up to 0.13 increase) for the low absorption chairs. For the high absorption chairs adding people led to very small effects but adding carpet produced clearly increased absorption coefficients (up to a 0.15 increase) at all three row spacings. For both high and low absorption chairs, the variations of measured average absorption coefficients with row spacing are all approximately linear. The clear regular pattern of these results is likely due to the ideally diffuse sound field of the reverberant test chamber location for which these results are representative. As for the smaller sample results in Fig. 6 , values vary more between the four cases for the low absorption chairs than for the high absorption chairs. However, the variations of average absorption coefficients with row spacing are often not approximately linear as found for the results for the smaller blocks of chairs in Fig. 6 . For the low absorption chairs adding carpet increases the absorption coefficients more than adding people and this increase is largest at the lowest row spacing (0.76 m). Although adding people to the low absorption chairs has a smaller effect, the effects of adding people are largest for the smallest row spacing.
For the high absorption chairs, the general trend is again for average absorption coefficients to increase with decreasing row spacing, but the differences among absorption coefficients for the four different cases are much smaller. The exception to this trend is the unoccupied chairs with carpet at the 0.91 m row spacing, which have a little higher average absorption coefficient values than the other cases. The smaller differences among the results for the high absorption chairs are because the added absorption, of carpet or people, was a relatively smaller addition relative to the absorption of the high absorption chairs. There is a small trend for the effect of adding carpet to again lead to higher absorption coefficients.
For both low and high absorption chairs, frequencyaveraged absorption values tend to increase with decreasing row spacing with changes in absorption coefficients of up to between 0.07 and 0.27. The effects of row spacing were least for the unoccupied chairs without carpet. For the low absorption chairs, the effects of adding carpet to the chairs increased a little with decreasing row spacing. The effect of adding people to chairs without carpet increased with decreasing row spacing, but when people were added to the chairs with carpet there was a slightly smaller increase in the average absorption coefficients for the smallest row spacing.
For all large sample cases with P/A ¼ 0.5 m
À1
, the frequency-averaged absorption coefficients increased with decreasing row spacing for both low and high absorption chairs. For the low absorption chairs, varied row spacing had similar magnitude effects on the predicted frequency-averaged absorption coefficients as adding people or carpet. For the low and high absorption chairs, varied row spacing had similar magnitude effects as adding people or carpet to the chairs and the total absorption could be modified with varied row spacing instead of with varied carpet under the chairs. Similarly, for the high absorption chairs with a wider row spacing, conditions would vary less between occupied and unoccupied conditions giving more similar conditions for both concerts and rehearsals. Of course, for the high absorption chairs, the total absorption, although less variable with audience size, would be higher.
Comparing the results in Figs. 6 and 7, it is seen that the predicted absorption coefficients for the smaller blocks of chairs (P/A ¼ 1. quite different between the two sample sizes. The differences were larger for the chairs with smaller row spacing and high absorption coefficients. If the P/A ¼ 1.5 m À1 case frequencyaveraged absorption coefficient results were used to estimate values in auditoriums, they would overestimate expected values for both the low and the high absorption model chairs by these amounts.
C. Variations of spectral details of absorption coefficients due to the more important test variables
When examined as a function of frequency, the effects of the four test variables can be more complex than indicated by the variations to the frequency-averaged values in Sec. III B. Figures 8 and 9 plot predicted absorption coefficients versus frequency for blocks of chairs with P/A ¼ 0.5 m À1 from reverberation chamber measurements of both low and high absorption model chairs, with and without occupants, as well as with and without carpet for three row spacings.
In Fig. 8 , for the low absorption model chairs, the effects of adding carpet tend to be larger than the effects of adding people and especially at mid and high frequencies (500 to 2000 Hz) as was found for the frequency average results in Fig. 7(a) . This is at least partly because the model carpet used in the present study had higher absorption coefficients at high frequencies (similar to typical full scale carpets), which resulted in larger increases in absorption coefficients at these frequencies. The effects of adding carpet under the low absorption chairs also showed significant variations with row spacing. The effects of adding people tended to be more significant at lower frequencies (125 and 250 Hz) and this was particularly seen at the 0.76 m row spacing.
There is a quite significant peak in the absorption coefficient values at 250 Hz in Fig. 8 and this is most obvious for the smallest row spacing (0.76 m). Sessler and West 14 found resonant absorption peaks due to the vertical spaces between chairs. The resonant frequency was found to occur when the seat back height corresponded to 1 4 wavelength. However, they also reported that the maximum absorption moved to a little higher frequency when the chairs had an open underpass and the higher this opening, the higher the frequency of the maximum absorption measured. Because the model chairs had a 280 mm (full scale) high open underpass, this effect would be expected for the model chairs. This could explain the peak in absorption coefficients values in the 250 Hz octave band for the low absorption chair results. Although their results were for grazing incidence, the same geometrical details would be expected to lead to resonant effects for other angles of incident sound.
It is also possible to have resonant absorption due to standing waves between the rows of seat backs, which for the model chairs were parallel vertical surfaces. For a 0.76 m row spacing, the seat rows would be half a wavelength apart at approximately 224 Hz. This would be seen as increased absorption in the 250 Hz octave band. This suggestion is supported by the fact that Fig. 8(a) indicates that the presence of carpet has no effect on the measured absorption values at 250 Hz. This could be because the dominant absorption mechanism is due to the standing waves between the seat backs which were traveling parallel to the carpet on the floor and hence not influenced by the carpet. As the row spacing was increased, the frequency of this resonance would shift to a lower frequency and the absorption in the 250 Hz octave band would decrease as occurs for the low absorption chairs. This effect is not seen with high absorption chair results in Fig. 9 . For these chairs the additional absorption on the fronts and backs of the chair backs may have minimized possible resonant effects between the pairs of parallel surfaces.
The Fig. 8 results for the low absorption chairs include unusual variations of the 4000 Hz absorption coefficients. For the 0.76 and 1.2 m row spacing cases, adding people to the chairs with carpet had almost no effect. This was probably because the added absorption of the people at 4000 Hz was about the same as the amount of carpet absorption lost because it was covered by the people. However, for the 0.91 m row spacing the occupied chairs with carpet had a much higher absorption coefficient than the unoccupied chairs with carpet. Perhaps for the unoccupied chairs with carpet and the 0.91 m row spacing, less sound was reflected onto the carpet leading to lower absorption for this case.
In Fig. 9 , the high absorption model chair results show different trends over frequency and generally smaller differences among the four sets of data. As for the mid-frequency average results in Fig. 7(b) , the results are a little more varied for the 0.91 m row spacing case. When people or carpet where added to the chairs, the changes in absorption coefficients at 125 Hz increased with decreasing row spacing. The differences in absorption coefficients between chairs with smaller row spacing and with larger row spacing were from 0.2 to 0.4 for the high absorption model chair cases with added people or carpet. For the 0.91 m row spacing cases, the absorption coefficients for high absorption model chairs with added people were slightly decreased at the frequencies from 500 to 4000 Hz. This was because adding people to the chairs caused large increases in slope values which resulted in a reduction to intercept values at these frequencies (see Table III in the Appendix). For the 0.76 and 1.2 m row spacing cases, the absorption coefficients for chairs with people added to the chairs were higher than those for chairs without added people.
The effects of adding carpet or people to the chairs are much larger at 125 Hz for the high absorption model chairs with the smallest row spacing. This may be due to the height of the seat backs forming vertical cavities of about These results make it very clear that the combined effects of type of chairs, row spacing, and the addition of carpet and chairs are quite complex when examined as a function of frequency. To accurately predict the absorption of chairs in an auditorium from reverberation chamber measurements, one must start with measurements of the required type of chairs, row spacing, and type of carpet if any. If one or more of the important details is different than required, it will be difficult to estimate the sound absorption coefficients of the chairs as a function of frequency.
D. Practical application to the acoustical design of a hall
The new results that have been presented in this paper show that the sound absorption coefficients of theater chairs are influenced by: the row spacing of the chairs, the presence of carpet under the chairs, whether the chairs are occupied, and the size of the samples of chairs measured, as well as the details of the chairs such as the amount of included absorbing material. In addition, the effects of these variables are seen to interact in quite complex ways. Many of these factors are often ignored in the design or refurbishment of even quite large auditoriums. The properties of the specific chairs are quite often not measured and when chair absorption measurements are made, the effects of sample size are very rarely considered. Including carpet under chairs is often thought to have negligible effects and there is little awareness of the effects of the spacing of rows of chairs on the resulting sound absorption of the chairs. There is even quite limited data assessing the sound absorption of occupied chairs, even though chairs and their occupants usually constitute the most important sound absorbing surface in an auditorium. These new results demonstrate, that using the P/A method, one can more completely assess the sound absorbing properties of theater chairs.
As part of auditorium acoustics design, text books 15 frequently include a table of octave-band absorption coefficients for a small number of categories of occupied and unoccupied chairs. Such data for chairs as well as data estimated for the other surfaces of a room have traditionally been used, with the areas of each material, to predict expected reverberation times. An improved approach has been proposed by Beranek [15] [16] [17] that uses an "effective seating area" that adds a 0.5 m band around each block of seats to the area of each block. Combining the "effective areas" with absorption coefficients for a small number of categories of chairs determines the total absorption of the chairs. Beranek's method has been shown to be mathematically similar to the P/A method 18 except that the same 0.5 m band correction is applied at all frequencies and to all types of chairs and conditions, while the P/A method makes different corrections for each frequency band and for each chair type. Although not able to include the effects of all variables, Beranek's method seems to be a step forward and can be considered an approximation to the P/A method.
More accurate predictions of the absorption coefficients of theater chairs should be possible using the P/A method. The particular type of chairs should be measured in reverberation chamber tests of samples with a range of P/A values and the regression lines fitted to this data used to calculate the effective absorption coefficients of each block of chairs in the auditorium. These tests should include carpet where it is to be used in the auditorium and the same row spacing of each block of chairs as used in the auditorium.
There are also problems to account for the details of the sound field at each location in an auditorium. Nishihara and Hidaka 19 have shown, using a room acoustics ray-tracing model that even near the center of Boston Symphony hall the incident sound is not evenly distributed over angle of incidence. This may be surprising to some, as Boston Symphony Hall is usually regarded as a more diffuse concert hall. It therefore seems desirable to use the absorption coefficients from reverberation chamber measurements and the P/A method as the sound absorption coefficients to calculate the absorption coefficients for each block of chairs used in a room acoustics computer model of the auditorium. This should ensure accurate absorption coefficients and a good approximation to the sound field of the particular room. Where the resulting acoustical quality is important this combination of the P/A method and a room acoustic computer model is expected to provide the most accurate results as it can account for the effects of the most important variables.
In cases where it is not possible to make the measurements required for the P/A method calculations, the current results can indicate better choices in chair types. In particular, Fig. 5 results indicate that the slopes of the regression lines for the P/A method tend to be lower for low absorption chairs and especially so for the low absorption chairs without carpet. That is, for low absorption chairs absorption coefficients vary less with sample size. It is therefore better to choose low absorption chairs in cases where a complete set of P/A measurements and calculations cannot be made. Figure 7 showed the effect of row spacing on calculated frequency-averaged absorption coefficients. Assuming for the reasons above, that it is desirable to design for low absorption chairs without carpet under the chairs, Fig. 7 (a) suggests one should avoid very small row spacings because for these the average absorption coefficients will be larger. Of course, if one is designing a room for which low reverberation times are desired, it would be better to use high absorption chairs with carpet under them and with the smallest acceptable row spacing. For such a combination of conditions, the results in Fig. 5 (c) suggests that P/A effects will be larger and will help achieve lower reverberation times.
One can also adjust overall sound absorption of occupied chairs by varying the spacing between rows of chairs and the presence and type of carpet under the chairs. That is, the combination of carpet and row spacing could be adjusted to significantly change the acoustical conditions in auditoriums. It is usually not possible to easily vary row spacing and the presence of carpet in a hall, but in some multipurpose halls, chairs are removable so that the hall can be used for other purposes. In such halls the reverberant conditions could be varied a little to meet the needs of each performance by varying the row spacing of the chairs. Assuming most removable chairs will be low absorption chairs, the results in Fig. 7(a) show that increased row spacing will decrease absorption coefficients for a fixed area of chairs. This will decrease the total absorption of the fixed area of chairs and increase the reverberation times.
Another issue that can be reevaluated relates to the common attempt to create unoccupied conditions with about the same total absorption as occupied conditions. This is desirable so that rehearsal conditions (no audience) have similar acoustical characteristics to concert conditions (with audience). As shown in Fig. 8(a) , adding carpet to the low absorption chairs would help to create unoccupied conditions with about the same total absorption as occupied conditions for low absorption chairs and smaller row spacing. Figure 10 Fig. 10(a) were slightly higher than those measured for occupied conditions with added carpet at most frequencies, except at 250 Hz. However, the subjectively more important measured mean EDT values for both unoccupied and occupied conditions with added carpet shown in Fig. 10(b) were very similar over frequency and the differences were less than 1 JND, which is 0.05 s.
IV. CONCLUSIONS
This experimental investigation has shown that changes of: chair type, carpet under the chairs, occupants in the chairs, and the row spacing of the chairs, have significant interacting effects on the measured absorption coefficients of samples of chairs, and how the absorption coefficients vary with sample size as measured by sample P/A ratio. The values of each variable influence the effects of changes to other variables. For example, adding carpet under high absorption chairs is less effective than under low absorption chairs. Similarly, the effect of adding carpet can vary with the row spacing of the chairs. Because of these effects, it is not possible to accurately predict the expected absorption of chairs in an auditorium from "typical" values of absorption coefficients specified for one or a small number of chair categories.
Measurements of samples of the chosen chairs with a range of P/A ratio values and the same values of other variables would make it possible to accurately predict the sound absorption coefficients of each block of chairs in an auditorium. Using the resulting absorption coefficients calculated for each block of chairs in an auditorium as input to a room acoustics computer model is expected to provide the most accurate possible predictions of auditorium acoustics conditions.
The slopes and intercepts of regression lines plotted versus P/A values for frequency-averaged absorption coefficients generally decreased in value with increasing row spacing. This leads to decreasing absorption coefficients with increasing row spacing. However, the slopes were lowest for low absorption occupied chairs, indicating that for this case the effects of P/A ratios would be less than for the occupied high absorption chairs. That is, if measurements as a function of sample P/A value are not possible, designing for low absorption chairs will minimize the unknown P/A effects. The low absorption occupied results also indicated less variation of absorption coefficients with row spacing. Although all frequency-averaged absorption coefficients decrease with increasing row spacing, this is mostly due to the increased area of the sample for larger row spacings. The total absorption of a sample of chairs will usually increase a little with increased row spacing because as the spacing is increased the various parts of the chairs are more exposed to the incident sound. 6 Some effects of changing parameters can be explained as a simple addition or removal of sound absorbing material.
Resonant absorption effects seem to influence the measured absorption of the model chairs in the 125 and 250 Hz octave bands. These effects should be systematically investigated in future studies and if fully understood could contribute to future designs of theater chairs.
While this paper has examined variables related to the construction and use of the chairs, in a large auditorium variations in the acoustical properties within the space may change the effective sound absorption of the chairs. This is another major issue that should be investigated possibly using acoustical scale models. III. Summary of the standard errors of the estimate of the octave-band data about the regression lines (r), the statistical significance of the octaveband regression results (p-value), the values of slopes (b), and intercepts (a 1 ) for high absorption model chairs. (ns ¼ not significant, * p < 0.2, ** p < 0.05, *** p < 0.01). 
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